JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 95, NO. D1, PAGES 873-882, JANUARY 20, 1990

On the Sensitivity of a Residual Circulation Model
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The residual mean circulation (RMC) formulation of zonally averaged transport in the middle
atmosphere produces a circulation which depends on the distributions of net diabatic heating and
temperature. We have derived such circulations from two temperature data sets, National Meteoro-
logical Center (NMC) and Limb Infrared Monitor of the Stratosphere (LIMS), using the same radiative
transfer code (Rosenfield et al., 1987). We have used these circulations to transport N,O in a
photochemical model. The circulations and the resulting N, O distributions are notably different during
the northern hemisphere winter, with that based on the NMC temperatures producing too much
upward transport in the tropical stratosphere as judged by comparison with the stratospheric and
mesoscale sounder data. The experiment demonstrates that modél calculations, in general, and
perturbation assessments, in particular, are likely to be quite sensitive to the choice of input
temperature data (where this is not computed self-consistently). It also reveals what appears to be a
seasonally dependent bias in NMC zonally averaged temperatures with respect to those obtained from

the LIMS instrument during 1978/1979.

INTRODUCTION

In the past decade or so the study of the distribution of
trace species in the atmosphere has come to depend much on
zonally averaged models based on the ‘‘residual mean”
circulation [Andrews and Mclntyre, 1976; Edmon et al.,
1980; Garcia and Solomon, 1983; Rogers and Pyle, 1984;
Guthrie et al. 1984; Isaksen and Stordal, 1986]. The main
advantage claimed for this formulation of transport over the
more intuitive ‘‘classical Eulerian’ mean transport is avoid-
ance of the eddy-mean-flow cancellation problem [e.g.,
Harwood and Pyle, 1975; Plumb and Mahlman, 1987] and
thus greater confidence that the computed circulation accu-
rately portrays the transport of trace species in the real
atmosphere. Given perfect data, the approaches are formally
equivalent, but given actual circumstances, many authors
have argued that the residual formulation is more easily
analyzed and less sensitive to uncertainties in the input data.

This is not to say, however, that residual mean circula-
tions (RMCs) are insensitive to differences in their input
data. The fundamental observable on which these circula-
tions are based is the zonal mean temperature as a function
of altitude, latitude, and time. This enters into the calcula-
tion of the vertical wind component both directly and
through the calculation of the zonal mean net heating, which
is, in general, a nonlinear function of temperature. In this
paper we wish to illustrate the sensitivity of this calculation
to the temperature data set selected as input. The resulting
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uncertainty in the computed RMC advective wind fields may
lead to substantial uncertainties in perturbation assessments
in models.

CALCULATION OF RMC WINDSs

The now well-known basic equations for wind fields in the
RMC formulation are
Conservation of zonal momentum
on 1
— — fo* = ——— V - F + (other terms) )
at poa cos ¢ ] '

Thermal wind balance equation
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Thermodynamic equation for potential temperature
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Continuity equation
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2 cos 99 (v* cos <I>)+p0 Pe (pow*) =0 C)
Here ¢ is latitude, z is log pressure altitude, a is radius of
Earth, p, is density, fis Coriolis parameter, S is stability, ©
is potential temperature, i is zonal mean velocity, and w*
and 7* are vertical and meridional components of the RMC
winds, respectively. Terms appearing on the right-hand side
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Fig. 1. Ratio of potential temperature tendency to net heating rate from NMC. Four-year average for 12 calendar

months. Contour interval is 0.25. (a) January, (b) April, (c) July, (d) October.

of (1) and (3) are often called the forcing terms; Q is zonal
mean net heating, V - F is divergence of the Eliassen-Palm
flux (or momentum forcing), and Dy is diffusive heating due
to small-scale wave motions. (Dy is zero in the formal RMC
derivation, which applies to the cancelling effects of heat
transport by the mean circulation and large-scale eddies.)

The treatment of these forcing terms is central to the
development of any RMC model.

One approach (exemplified by Dunkerton [1978]) is to set
the momentum forcing, the diffusive heating, and the time
derivative terms in (1) and (3) to zero, often termed the
diabatic circulation approximation. The last term on the
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Fig. 2. Temperature fields (in degrees) for February. Contour interval is 5.00. (a) NMC, (b) LIMS.

left-hand side of (3) is, in general, small in the stratosphere
and is also neglected, yielding

AL
Whap = 0

9z

for which 7* may be obtained via (4). The diabatic circula-
tion thus depends only on the temperature, and through 0,
on the distribution of radiatively active molecular species.

Examination of typical temperature data, however, re-
veals that neglecting the time tendency terms is generally a
poor approximation. This is illustrated in Figure 1, based on
the 4-year average of National Meteorological Center
(NMC) temperatures described by Geller er al. [1984]. The
time tendency is approximated by the difference between the
temperatures during the following and preceding months at
each location in the grid, divided by 60 days. Note that the
ratio of the time tendency to the net heating (taken from
Rosenfield et al. [1987] and based on the same temperature
data set) is greater than 0.5 in much of the grid and often
greater than 1, when the net heating is small.

If one retains the time tendency terms, the winds may
"again be obtained directly from (3) and (4), or as gradients of
the stream function, as outlined by Garcia and Solomon
[1983]. In either case, the right-hand side of (1) is not, in
general, zero. If the stream function is used, the momentum
forcing and/or the “‘other terms’’ in (1) must be adjusted to
yield a reasonable circulation; if the velocities are obtained
directly, then the required momentum forcing associated
with the velocity field may be deduced. Because this forcing
represents the effect of transience and dissipation of large-
scale wave motions (departures from the mean flow), it
cannot be deduced independently of the mean circulation.

Recent attempts to compute the RMC, and the resulting
transport of constituents, from observed temperatures have
neglected the direct effects of this momentum forcing on the
eddy mixing, and we will make the same approximation in
this paper. Thus K, is set at 2 X 10° cm? s ! throughout the
stratosphere, and K,, is set to zero. Some of the conse-
quences of neglecting these mixing processes (associated

with the eddy motions) are addressed by Jackman et al.
[1988].

As noted above, there have been several recent attempts
to compute the RMC, based on the best available data sets
and modern radiation codes. In particular, Rosenfield et al.
[1987] computed the RMC from NMC 4-year temperature
averages and solar backscattered ultraviolet (SBUV) ozone
for 1979 [McPeters et al., 1984], while Solomon et al. [1986]
computed the RMC from 7 months of data from the Limb
Infrared Monitor of the Stratosphere (LIMS) instrument for
both temperature and ozone. These two calculations were
made with different radiation codes. Callis et al. [1987] have
published a calculation based on climatological temperatures
assembled by Barnett and Corney [1985] from a number of
satellite-based measurements and on climatological ozone as
given by Keating and Young [1985]. Callis et al. also
computed the RMC from LIMS data for the specific period
October 1978 through May 1979; the radiative transfer code
used was again different from those used in the studies
mentioned above. Given this diversity of radiative calcula-
tions and data sources, it becomes difficult to determine
whether differences among these studies arise from the
heating codes, from the temperature data, or from the way in
which the RMC is obtained from the heating rates. It has also
been unclear how differences among RMC calculations
affect the subsequent evolution of photochemical models.

THE PRESENT EXPERIMENT

In order to focus on the effects of these differing circula-
tions in models, we have performed an experiment in which
the heating rates are derived from different data sets using
the same radiation code. The net heating was computed
using the code described by Rosenfield et al. [1987] (R87
hereafter) for two separate cases. The first is just the case
described in that paper, i.e., NMC temperatures and SBUV
ozone, but recomputed on our model grid for the 12 calendar
months. The second is based primarily on the LIMS mea-
surements of temperature and ozone. Because LIMS did not
have global coverage, the temperatures have been aug-



876

GUTHRIE ET AL.: SENSITIVITY OF A RESIDUAL CIRCULATION MODEL

T \AY LELILAL d T TTI0 T T l'l]lll T T v rorrrry
TR, ]
\ N/ \_\ \\ 0 N
L No A “« _
- \\/\ '\' NN, -
) \ h ]
- 1 -
L /g \ \ 4
[ > /4 NS/ RO ] ]
_g 713 . 'I\ — { / "8 -
s ) g2 Y i i
i N ) ./ ]
W/
C ) )
TN, -
B Z== N\ 8 .
ENED) O G &
=== = A
gl il Lyl L 4l
T {\LJ"I' J"'l“r "\L\l;;ﬂll T LI ) lllll'-l B TNLLAT] T T |Il|I|-
oF /.1WA‘~) 3 . L ¢ 4
I L . - -
> (7 e 1t 4
P ¢ 10 I N .
y e A \\\ 4 \ -
~ \
J ~ t\ 1 L, J i
« (o)} 1 [E <0 ]
i J Lk ) / -
o, ‘ ‘ s I s"\ 7 ,/ Us'
™, ] ! — o - -
(N - 10 B~ &) i )
i 8 \/ \ " L D
1 o o \_/ - - — -
i 7 - \ ) -
P i) ]
S o ¢4 “
[ il el sl |||||||I— i A N R AT | el Lt i |||||nl-
I L) T TrT 'l' L) LAUBLILEBAL T l||||| T gy lll L ., LIS ARI ]| T L} |||||||
B\ N 4 1t 4 N ]
N Q\!\ "f)\'\c:::«—- e ' 4 + 5 O Y 4
NN/ T TN 1 F [ ]
- ) . - -
- T ——— ) > .
-
| — \ 41 F Q \
N \ \ E o N o T
= 8.1 - - 8 l .
- Frh E - 1 1 B8 -
{ 18 [
- ! ] -1 o [ -1
-§ I 4 L () i
[ i 10 8 / i
- o - - >> ___________ o
[ it raanl el il |||||||l- L e d il bl Ll L aannl A ||||n||-
T T 7 T _XI_ TP T T T TT1T17
N T 7 T T
- N .6 00~ - ,/ -
S ’
/ ; T :
v
. /, i
» S .
\, =N,
» ) ~ -
| X AT NN \ i
-S4 SR
2 I S « 1) N
-3 Loy Yy g -
] NS
NG ]
- -
\%‘
& / { S <
L1t i vl e g 1y g0yl Lol i L Ll L1l L1l L]
e 8 8 8 g8 @ 8 8 8 g
° b s g g ° - e 8 g

(8! 3UNSSIUd

(B} 3UNSS3Hd

75

45 -25 15 35
LATITUDE

85 -65

15 35
LATITUDE

25

85 65 45

35

15

65 45 25

45 25 5 15 3% 5 75 85

65

85

LATITUDE

LATITUDE

Difference (NMC — LIMS) of the temperatures (a) November, {6) wecember, (c) January, (d) February, (e)

Fig. 3.

March, (f) April, (g) May.



GUTHRIE ET AL.: SENSITIVITY OF A RESIDUAL CIRCULATION MODEL

00T T T T T T T T T T T T 77T
,)Jé
100 E Q
2.4
s 1 50
s 100
= Y
£ 1000 5,
[ )
] ot
4
a
\~~
p)
100.00 |~
) O
[
a — NMC
100000 =0 0 0096001 d 11—
85 65 45 26 5 156 35 55 75

LATITUDE

877

OO T T TTT T T T T T I T T T 01T
1.00
@
-3
&
35 10.00
7]
7]
w
o
a
100.00
1000.00
85 65 46 -26 56 15 35 55 75
LATITUDE

Fig. 4. Net heating rate (in degrees kelvin per day) for December. Contour interval is 0.50. (a) NMC, (b) LIMS.

mented with NMC data from the same period to fill the grid.
The temperatures for June-September are obtained by in-
verting the data for December-March around the equator.
These adjustments, as opposed to using the same ozone in
both cases or filling in the missing months of LIMS data with
NMC values, are motivated by our desire to maintain the
difference in vertical resolution between the two data sets. In
a later section we discuss tests of the sensitivity of the
circulations to these choices.

In both cases, water vapor is specified from LIMS data,
and both temperature and a nonradiative diabatic heating
rate are specified monthly below the tropopause. The tropo-
sphere temperature is taken from the NMC 4-year-average
data set and the total diabatic heating is based on the work of
Wei et al. [1983].

For each case the net diabatic heating is obtained through-
out the grid and adjusted as in R87 to assure zero mean
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heating on each pressure level. The RMC is then obtained as
in the diabatic case but with the differenced temperature
tendency subtracted from the heating rate. The temperature
and circulations are used to drive a limited-chemistry model
[Guthrie et al., 1984] in which N,O is used as a tracer. The
cases were each run for ten model years and achieved
repeating annual cycles in the tracer distributions.

COMPARISON OF RESULTS

The input temperature fields for February (arguably the
month of maximum discrepancy) are shown in Figure 2.
Note that there is a systematic difference with latitude at
about 10 mbar, NMC temperatures being about 2 K warmer
in the southern hemisphere, and as much as 10 K colder in
the northern midstratosphere. Similar behavior was noted by
Rodgers [1984] in comparing data for specific days. Differ-

(V8 11 JN o e o e s s B e e o e
A - S HPHIN SN\
AN AN

’h‘\‘\\\%.?s

N\

1.00 F _—
)
-
2

5 10.00

7]
7]
w
«c
a

100.0

b. LIMS

100000 =0 0 & 0 1L b 0303 b 11 1]

85 65 45 25 5 15 35 55 75
LATITUDE

Fig. 5. Vertical RMC velocity (in centimeters per second) for December. Contour interval is 0.10. (a) NMC, (b)
LIMS.
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ence plots for the entire LIMS period are shown in Figure 3.
The structure above 1 mbar in the difference plots is entirely
due to the LIMS data and is unresolved in the NMC data.
Note that the systematic difference shifts with season,
having the opposite sense in February and May. Since the
comparison is between a specific time period and a 4-year
average, this systematic difference may be simply the effect
of interannual variability.

The derived zonal mean net heating rates for the two data
sets for December (a more typical month than February) are
shown in Figure 4 (recall that they are identical and imposed
below the tropopause). The overall morphology is very
similar, with the largest differences occurring near and above
the stratopause. The RMC velocity fields for the two cases
are shown in Figures 5 and 6 for the vertical and meridional
components, respectively. The difference in velocity is most
pronounced in the meridional component. Note, for in-
stance, the band of positive (Northward) velocity at 20 mbar
in the southern hemisphere which occurs in the NMC case
but is absent in the LIMS case. In both cases the general
high-latitude vertical motion is downward, but the LIMS
circulation has a poleward component in this region, while
the NMC circulation is downward and equatorward in this
thin layer. The NMC case is thus less effective in transport-
ing air downward and poleward from above this layer. The
strength of the downward-poleward circulation in this region
can have a substantial effect on the latitude dependence of
ozone depletion assessments [Solomon et al., 1985; Isaksen
and Stordal 1986]. Similar differences occur during other
months. From the standpoint of tracer distributions, how-
ever, the most important difference is the strength of the
upward transport in the tropical stratosphere. The difference
here is due to the seemingly small enhancement of the
heating in the NMC case over that in the LIMS case, due in
turn to the cooler NMC temperatures above 10 mbar. As we
will see in the tracer distributions, this results in the NMC
circulation being stronger than the LIMS circulation in an
overall sense, with the period of maximum difference being
the northern hemisphere winter season.

Fig. 7.
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Fig. 8. As in Figure 7 for summer.

TRACER STUDIES (N,0)

In order to focus on the effects of transport in photochem-
ical models it is often useful to compute distributions of
long-lived tracers with the ozone distribution (and thus the
local photolytic fluxes) specified at monthly intervals. We
have used a version of the Goddard Space Flight Center
(GSFC) two-dimensional photochemical model in which the
ozone is specified from SBUV data (the same data used in
the NMC heating calculation) and N,QO is injected at the
lower boundary at a constant mixing ratio of 300 ppbv. The
only chemistry is that relating to N, O loss, i.e., photolysis of
N,O and the production and loss of O('D). Differences in
the N,O distributions for separate circulations are then
almost entirely due to differences in transport (there is a very
slight sensitivity of this chemistry to temperature).

We have run our two cases, NMC and LIMS circulations,
each for 10 model years, by which time the N,O distribu-
tions had reached stable repeating annual cycles. The distri-
butions are compared for 4 months in Figures 7, 8, 9, and 10.
In each, panel a represents the NMC case and panel b the
LIMS case. The 3-mbar level is noted in each panel by a
dashed line. One sees immediately that for most of the year
the distributions at and below this level are very similar.

879

During January, however, the N,O mixing ratios at the
tropical maximum at 3 mbar differ by a factor of 2, with
associated differences in isopleth slopes extending into mid-
latitudes in the southern hemisphere. The approximate po-
sitions of the 100- and 30-ppbv contours for N,O in January
1979 from the stratospheric and mesospheric sounder
(SAMS) data [Jones and Pyle, 1984] are shown by the heavy
lines in Figure 10b. They are in good agreement with the
LIMS case (as previously noted in the work of Solomon et
al. [1986]), thus in disagreement with the NMC case.

Because the NMC case represents 4-year averaged data,
while the LIMS case represents 1978/1979, one is faced with
two possible explanations for the winter differences. Either
the NMC data set has a seasonally dependent bias, or
1978/1979 was an anomalous winter, as reflected in both the
LIMS temperatures and the SAMS N,O measurements. The
latter possibility has profound implications for model stud-
ies, since observations during this time period have been
widely used as validation measures for photochemical mod-
els.

As another way of evaluating the differences between
these two experiments, we can calculate the lifetime of N,O
in each. The lifetimes derived from this study are shown in
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Table 1, along with those from two previous studies. Note
that these are mean lifetimes averaged over the model
domain. In steady state the circulation transports tracer from
the source to the region of rapid loss so that at each level the
loss is balanced by the transport in from below, at least in an
annually averaged sense. In interpreting lifetimes we asso-
ciate shorter lifetimes with ‘‘stronger’” circulations, i.e., a
circulation which moves air more rapidly between the source
region and the photochemical loss region. The NMC case is
the strongest circulation we have examined to date. The
so-called ‘‘weak’’ diabatic circulation is that used by Guthrie
et al. [1984] and is similar to the circulations used in the
chlorine perturbation studies of Isaksen and Stordal [1986].
As may be seen by comparison with the results of Jackman
et al. [1988], the difference between the LIMS and NMC
cases generally is large compared to the difference due to the
presence or absence of spatially variable diffusion coeffi-
cients. We have not included the possible effects of breaking
gravity waves on vertical mixing in any of our runs. The
value of K,, is set at 2 X 10> cm? s~! throughout the
stratosphere. Garcia and Solomon [1985] found this process
to become important in two-dimensional model transport

only well above 1 mbar. In any case its neglect should not
affect the intercomparison of the model runs.

DiscussioN

As noted above, there are a number of possible reasons for
a discrepancy between the two cases, but they all fall into
the categories of systematic bias during the northern hemi-
sphere winter season or of interannual variability which
skews the comparison of the 1978/1979 winter with the
4-year averages. Geller et al. [1984] considered the effects of
interannual variability in the NMC data set and found
substantial variability of stratospheric temperature at high
latitudes. However, there is no obviously anomalous year in
terms of tropical midstratospheric temperatures (i.e., in the
region of the N,O anomaly). We have constructed an
analogue of the LIMS data set using NMC data from the
LIMS period (November 1978 to May 1979). The extrapola-
tion procedures for high latitudes and other months were the
same. The January distribution of N,O from the model run
with this data set is shown in Figure 11. Note that it is much
more similar to the NMC 4-year average case than to the
LIMS case derived from temperatures measured during the
same period. This is especially true at and above the 3-mbar
level in the tropics, where the factor-of-2 discrepancy with
respect to SAMS N,O remains. This argues against the
difference arising from interannual variability.

As noted above, the NMC and LIMS cases differ not only
in the temperatures used to generate the circulations but also
in the ozone data used to determine the UV heating distri-
butions. At the 3-mbar level in the tropics the ozone data for
the two cases differ by slightly less than 15%. However, as
noted by an anonymous referee, the relative contributions of
the UV and IR portions of the radiative heating and cooling
to the net radiative heating vary substantially over the model
domain. We have thus undertaken a cross-check experi-
ment. In this experiment we use the LIMS temperature data
with the SBUV ozone data to generate hybrid net heating
rates and the resulting circulation. The resulting January
N, O distribution for the model run using this hybrid circu-
lation is shown in Figure 12. We find that changing the ozone
distribution to that seen in the SBUV data produces only
about a 20% change in the N,O abundance at the 3-mbar
level in the tropics; substantially less than the factor-of-2
discrepancy seen between our base NMC and LIMS cases.
The bulk of the N,O difference is thus clearly attributed to
the temperature differences.

Finally, if 1979 was an anomalous year for transport, one
would expect it to show up in a variety of tracers. The only
multiyear data on tracers in the region of interest is from
SAMS for N,O and CH,. Jones [1984] showed monthly
zonal mean cross sections for CH, for 1979, 1980 and 1981;
the differences at 3 mbar in the tropics in December and
January are far less than a factor of 2.

TABLE 1. Lifetime of N,O
Experiment Lifetime, years
NMC RMC 120
LIMS RMC 137
NMC diabatic (R87) 122
““Weak™’ diabatic 159
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set (compare to Figure 10).

We are left, then, with a possible seasonal bias of the
NMC data set with respect to the LIMS temperature data.
We have no information as to the possible cause for such a
bias.

CONCLUSION

We have produced two calculations of the residual mean
circulation based on the same net heating code and the same
underlying atmospheric model but two different temperature
data sets. The resulting circulations yield similar distribu-
tions of N,O except during the northern hemisphere winter
season. During this time period the tropical midstratospheric
mixing ratio for the NMC case exceeds that for the LIMS
case by about a factor of 2. The LIMS case is in better
agreement with SAMS data for N,O during this period.

Reasons for the anomaly could involve either a seasonally
dependent bias of the NMC data set or interannual variabil-
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Fig. 12. January N,O for the circulation derived from LIMS
temperatures and SBUV ozone data.

ity causing 1978/1979 to be anomalous with respect to the
4-year average. Preliminary examination of the SAMS CH,
data for other years leads us to suspect a seasonally depen-
dent bias in the NMC temperature data set.
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